The pathobiology of pulmonary arterial hypertension (PAH) includes endothelial cell dysfunction and proliferation and migration of VSMCs. As PDGF has been implicated in these processes, Schermuly et al. hypothesized that altered PDGF signaling may be involved in the vascular remodeling observed in PAH. To explore this notion further, the authors evaluated the effects of the PDGF receptor inhibitor STI571 in 2 different animal models of pulmonary hypertension. In both models, after development of pulmonary vascular disease, administration of STI571 reversed pulmonary vascular changes. These studies provide preclinical proof of concept for the clinical development of a PDGF inhibitor as a targeted therapy for PAH patients.
Pulmonary arterial hypertension (PAH), a disorder limited to the pulmonary circulation, is characterized by pulmonary vascular obstruction and variable pulmonary vasoconstriction leading to increased pulmonary vascular resistance and death. PAH can be idiopathic, or unexplained (formerly termed primary pulmonary hypertension); PAH can also occur in association with connective tissue diseases, HIV infection, congenital heart disease, portal hypertension, and appetite suppressant exposure. Idiopathic PAH occurs more often in women than in men, with a median survival of 2.8 years if untreated. The mean age at diagnosis is 35 years, i.e., it occurs most often in young adults with no other comorbid conditions. Although current treatment options have markedly improved overall quality of life and survival in PAH, 5-year survival remains at 50% for this devastating disease. As discussed below, over the past 2 decades, we have learned a great deal about the pathobiology of PAH; however, we still do not know what initiates this disease with its subsequent progressive pulmonary vascular obstruction. PAH has a multifactorial pathobiology. Vasoconstriction, remodeling of the pulmonary vessel wall, and thrombosis contribute to increased pulmonary vascular resistance in PAH. The process of pulmonary vascular remodeling involves all layers of the vessel wall and is complicated by cellular heterogeneity within each compartment of the pulmonary arterial wall (Figure 1) . Indeed, each cell type (endothelial, smooth muscle, and fibroblast), as well as inflammatory cells and platelets, may play a significant role in PAH. Endothelial dysfunction is considered a key element in the pathobiology of PAH, with increased levels of endothelin occurring concomitantly with decreased NO and prostacyclin levels (1). Although it remains unclear whether excessive vasoconstriction is associated with the endothelial dysfunction, many of the perturbations associated with the endothelial dysfunction promote vascular remodeling in addition to increasing pulmonary vascular tone. Prostacyclin, NO, endothelin, angiopoietin I, serotonin, cytokines, chemokines, and members of the TGF-β superfamily have all been implicated in the pathobiology of PAH. As a result, 3 of the currently approved therapeutic modalities for the treatment of PAH - prostacyclins, phosphodiesterase inhibitors, and endothelin receptor antagonists (2-4) - target prostacyclin and NO deficiencies and increased endothelin levels, respectively, in PAH patients.
Distal extension of smooth muscle cells into small, peripheral, normally nonmuscular pulmonary arterioles is a hallmark of PAH. However, the processes causing this migration as well as the formation of a layer of microfibroblasts and extracellular matrix (termed the neointima) between the endothelial cells and the internal elas-tic lamina remains unclear (Figure 2A ). In the hypoxic animal model of pulmonary hypertension, the adventitial fibroblast appears to be the first cell activated in response to the hypoxic stimulus (5) . What the initiating trigger or injury is that results in endothelial dysfunction with abnormal endothelial proliferation remains an area of intense investigation; possible players include: chronic hypoxia, inflammation, mechanical stretch, and/or shear stress, occurring in the setting of a genetic predisposition. Abnormalities in growth-suppressive genes, including TGFBR2 and the apoptosis-related gene BAX, have been reported (6) . In plexiform lesions, which represent a distinct characteristic in idiopathic PAH as well as in other forms of PAH, TGFBR2 is rarely expressed. In the monocrotalineinduced rat model of pulmonary hypertension, the role of inflammation suggests that proinflammatory cytokines as well as chemokines are also intimately involved in the pathobiology of PAH (7). In addition, thrombotic lesions and platelet dysfunction appear to play a significant role (8) . It is well appreciated that abnormalities in procoagulant activity as well as fibrinolytic function may be due to shear stress generating a thrombogenic surface with the subsequent development of thrombotic lesions. Increased plasma levels of fibrinopeptide A- and D-dimers support this hypothesis, with more recent studies suggesting that the interactions between platelets and pulmonary arterioles contribute to the progressive pulmonary vascular changes seen in PAH (8) . This may result in a vicious cycle leading to various alterations in the production and activity of vasoactive and mitogenic mediators in addition to procoagulants released by platelets. These perturbations may also accelerate vasoconstriction by releasing thromboxane A 2 , platelet-activating factor, serotonin, PDGF, TGF-β, and VEGF. However, despite the multitude of perturbations that have been demonstrated in clinical PAH as well as in animal models of pulmonary hypertension, it remains unclear which are "causes" versus consequences of this disorder.
PDGF inhibitor reverses pulmonary hypertension
In this issue of the JCI, Schermuly et al. report that the PDGF receptor antagonist STI571 (imatinib mesylate) reverses pulmonary vascular remodeling in 2 different animal models of pulmonary hypertension (9) ( Figure 2B ). With PDGF known to be a potent mitogen and the progression of pulmonary hypertension associated with increased proliferation and migration of pulmonary VSMCs, inhibiting the effects of PDGF may prove efficacious in reversing pulmonary vascular disease. As the authors state, previous studies demonstrating PDGF upregulation in a lamb model with chronic intrauterine pulmonary hypertension further raises the possibility that inhibiting PDGF could be an efficacious therapeutic approach (10) . As the PDGF receptors are members of the family of transmembrane receptor kinases, the autophosphorylation of which increases kinase activity, the authors investigated the effect of STI571, which targets the ATP-binding site of tyrosine kinases; STI571 is also an inhibitor of PDGF. Based on their hypothesis that altered PDGF signaling plays an important role in the pathobiology of PAH, the authors used the monocrotaline-induced pulmonary hypertension rat model as well as the chronic hypoxic pulmonary hypertension mouse model to demonstrate that administration of STI571, after the development of pulmonary hypertension, significantly reversed the pulmonary vascular changes. The authors also examined lung tissue from PAH patients that had undergone lung transplantation; the authors found significantly increased expression of PDGF in lung tissue from the PAH patients compared with control donor lung tissue. The authors concluded that a PDGF receptor inhibitor may be a novel therapeutic approach for the treatment of clinical PAH. STI571 is an approved anticancer drug that appears to be well tolerated (11, 12) . Thus, the study by Schermuly et al. provides preclinical proof of concept for the clinical development of the PDGF receptor inhibitor STI571 as a novel targeted therapeutic agent for the treatment of pulmonary hypertension. A pilot proof-of-concept clinical trial evaluating the safety and efficacy of imatinib mesylate in PAH is in progress.
Pathobiology of PAH
As is seen in many of the other perturbations observed in the pathobiology of PAH, upregulation and activation of various signaling pathways becomes a self-perpetuating vicious cycle, which, regardless of the initiating trigger or stimulus, results in progressive pulmonary vascular obstructive disease. However, one must remain cognizant that with any attempt to interrupt one vicious cycle, other pathways that may also be involved could either further reverse or further accelerate the pulmonary vascular changes. It is an inherent problem that as we attempt to develop novel targeted therapeutic agents for PAH, examining 1 pathway in isolation can be misleading; as shown in Figure 1 , the postulated mechanisms involved in the pathobiology of PAH are complex, with potentially significant interactions.
There is also evidence to suggest that MMP expression is upregulated in PAH (13) . In the report by Schermuly et al. (9), both MMP-2 and MMP-9 were significantly increased in the lung homogenates of the rats treated with monocrotaline when compared with control rats. Furthermore, this increase was reversed by STI571 administration. Most of the stimuli that cause acute pulmonary vasoconstriction also (18) . Although reactive oxygen species have been suggested as inducers of PDGF expression and MMP signaling through EGF receptors, the induction of these growth factors may be more complicated. Similarly, hypoxia and shear stress have also been implicated, consistent with the reversal of pulmonary vascular changes observed by Schermuly et al. (9) in the hypoxic pulmonary hypertension mouse model.
As we proceed with further investigation with the goal of unraveling the complicated interactive pathobiologic mechanisms initiating and perpetuating PAH, we must also explore the potential roles of angiogenesis, apoptosis, and proteolysis. An example of an interaction of these various pathways, with respect to the monocrotaline-induced pulmonary hypertension rat model used in the Schermuly et al. study (9) , is a study reporting that serine elastases activate MMPs and also suppress tissue inhibitors of MMPs (19, 20) . In the monocrotaline-induced pulmonary hypertension rat model, an elevation in elastase activity has been seen as early as day 2 after injection of the toxin, whereas increased MMP activity is not increased until day 21. Thus, it appears that at least in the monocrotaline-induced pulmonary
Figure 2
Schematic representation of pulmonary vascular remodeling in the small pulmonary arteries in PAH. (A) PDGF receptor (PDGFR) expression and phosphorylation (P) in pulmonary arteries are increased in PAH, which activates downstream signaling pathways that promote the abnormal proliferation and migration of VSMCs as well as the formation of a layer of microfibroblasts and extracellular matrix (termed the neointima) between the internal elastic lamina and the endothelium. These changes underlie the structural and functional abnormalities in the vessel wall that lead to pulmonary vascular disease. hypertension rat model, elastase activity precedes MMP activity and subsequently induces MMP activity. The matrix degradation by MMPs and elastases further interacts with growth factors such as EGF, resulting in further induction of VSMC proliferation. These data raise the question of whether targeting this pathway using elastase inhibitors will be another effective therapeutic approach. Additional investigation is needed to determine which, if any, of these abnormalities initiate PAH and which ones are the best to target for therapeutic gain. It is clear that PAH has a multifactorial pathobiology. As we increase our understanding of the pathways involved and their interactions, we will hopefully increase the efficacy of novel therapeutic strategies for this severe disease and further improve the palliative therapy for PAH and ultimately cure PAH.
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